Introduction
Group II-VI compound semiconductor materials have found a wide application in a variety of solid-state electronic devices such as electroluminescence devices (for example, light emitting diodes (LED)), photosensors, thin-film transistors, and solar cells. Zinc Telluride (ZnTe) happens to be one of the II-VI binary compound semiconductors which find numerous applications in optoelectronic devices, switching devices and macro-electronic devices such as solar panels [1] [2] [3] [4] . It is also a direct bandgap semiconductor with bandgap energy of 2.20-2.26 eV [5, 6] . Over the years, ZnTe semiconductors have found a useful application as a p-type window material in hetero-junction solar cells fabricated from chalcogenide semiconductors such as CdS [3] , CdSe [4] and CdTe. p-ZnTe is also a promising candidate for ZnTe/CdTe heterojunction device structures [6] and for development of graded bandgap solar cells. Apart from being used as a window material, thin film ZnTe semiconductors have also found a useful application as a back contact material to CdTebased solar cells [7] . John et al. doped ZnTe with Cu in order to achieve low resistivity electrical contacts thus making it more useful as a back contact to thin film solar cells [8] .
The electrical conductivity type of ZnTe material grown by conventional methods has been reported to be p-type. According to Mandel [9] , n-type electrical conduction is difficult to achieve due to self-compensation. However, some researchers have been able to achieve ntype electrical conduction in ZnTe by extrinsic doping. Extrinsic dopants such as Al, Cl and Sn have been used to achieve n-type ZnTe [10] [11] [12] [13] [14] [15] . Fischer et al. [10] and Chang et al. [11] have been able to prepare n-type ZnTe thin films by using Al as the dopant. Ogawa et al. [12] also obtained n-type ZnTe layers by doping with Al using triethylaluminium. DiNezza et al. [13] likewise reported the growth of n-type ZnTe films on GaSb substrates. These authors achieved the n-type electrical conductivity by thermally diffusing Al into the ZnTe film.
Also, the authors reported the fabrication of ZnTe p-n homo-junction diodes with rectifying J-V characteristics and photo-voltaic (PV) behaviour to further confirm the successful growth of n-type ZnTe film. The uses of Cl and Sn as dopants to achieve n-ZnTe have also been demonstrated by Tao et al. [14] and Makhny et al. [15] respectively. Several techniques have been used for the deposition of ZnTe thin films. Some of these methods are: closed space sublimation (CSS) [16] , hydrothermal [17] , molecular beam epitaxy [11] , rf-magnetron sputtering [18] , metallo-organic chemical vapour deposition 3 (MOCVD) [19] , metallo-organic vapour phase epitaxy (MOVPE) [20] , thermal evaporation [21] and electrodeposition [22] [23] [24] [25] . According to Mahalingam et al. [24] , electrodeposition (ED) technique provides a suitable method to prepare continuous and thin semiconductor films. ED technique has divers advantages among which are low capital cost, low temperature growth, ability of bandgap engineering and the ability to control the film thickness by varying the deposition time and potential.
In this work, ZnTe thin films have been electrodeposited on fluorine-doped tin oxide (FTO) coated conducting glass using a two-electrode system in aqueous solution. Zinc sulphate heptahydrate and TeO 2 have been used as precursors for deposition of ZnTe thin films. Using the ED technique, we report the development of p-type and for the first time, n-type ZnTe thin films by intrinsic doping. The intrinsic doping was achieved by varying the composition of ZnTe; this was done by simply changing the deposition potential without the addition of extrinsic dopants like Al, Cl and Sn. Also, in this paper, we report for the first time the fabrication of p-n homo-junction diodes fabricated purely from intrinsically doped electroplated ZnTe layers.
Experimental Details
ZnTe thin films were cathodically electroplated on glass/FTO substrates in a potentiostatic mode using GillAC ACM potentiostat. The glass/FTO substrates used in this work is TEC 15 having a sheet resistance of 13 Ω/square. To grow a uniform thin film semiconductor with good adherence to the substrate, the surface of the substrate must be thoroughly cleaned. To achieve this, the substrates cleaning were carried out in ultrasonic medium containing soap solution for 15 minutes. A further rinsing action using de-ionised water was carried out on the glass/FTO substrates after completing the ultrasonic cleaning. The surfaces were finally rinsed in methanol and washed in de-ionised water before being applied as the working electrode in the ED set-up.
The ZnTe thin films were deposited from electrolyte containing 0.015 M ZnSO 4 .7H 2 0 (99.999% purity) and 2 ml of dissolved TeO 2 (99.995% purity) solution in 800 ml of deionised water. The dissolved TeO 2 solution was prepared by adding 2 g of TeO 2 powder to 200 ml of de-ionised water. Since TeO 2 cannot dissolve completely in water, 30 ml of concentrated H 2 SO 4 was added to the TeO 2 solution to aid its solubility. The prepared TeO 2 solution was subjected to continuous stirring and heating for ~45 minutes so as to obtain a very clear TeO 2 solution devoid of powder. The pH value of the deposition electrolyte was 4 maintained at 3.50±0.02 by using either NH 4 OH or H 2 SO 4 . The growth temperature of the electrolytic bath was ~80 o C and the solution was moderately stirred using a magnetic stirrer.
Before the commencement of ZnTe layer growth, cyclic voltammetry study was carried out to determine the approximate deposition potential for ZnTe thin films. The ED-ZnTe thin films were characterised for their structural properties using X-ray diffraction (XRD) technique. The electrical conductivity type of the ED-ZnTe thin films was determined by using photoelectrochemical (PEC) cell measurements. Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) techniques were used in studying the surface morphology of the electrodeposited ZnTe thin films. The atomic composition of the ZnTe thin films was determined quantitatively using energy-dispersive X-ray analysis (EDX) technique. Both the SEM and EDX measurements were carried out by using FEI NOVA 200 NanoSEM equipment. The optical properties of the ZnTe films were studied using Carry 50
Scan UV-Visible spectrophotometer. The current-voltage (I-V) characteristics of the fabricated p-n junction devices were measured by using a computerised 619
Electrometer/Multimeter solar simulator system (Keithley Instruments Inc., OH, USA).
Results and Discussion

Cyclic voltammetry
Cyclic voltammetry studies were performed in an aqueous solution that contains 0.015 M ZnSO 4 .7H 2 O and 2 ml of dissolved TeO 2 solution at a pH of 3.50±0.02. A FTO coated glass substrate was used as the working electrode to study the mechanism of deposition of ZnTe thin films. A computerised GillAC potentiostat was used to carry out this voltammetric study at a sweep rate of 180 mVmin -1 . In this technique, a range of cathodic potentials from 0 to 2000 mV was applied across the electrolyte through the electrodes. The potentiostat was used in monitoring the current through the electrolyte as the voltages between electrodes were varied [26] .
A typical cyclic voltammogram for FTO-coated glass substrate in the prepared electrolyte is shown in Fig. 1 . The forward curve illustrated at the inset of Fig. 1 shows that Tellurium (Te)
begins to deposit at ~200 mV. It has been shown that Te being a nobler element deposits first [24, 25] [27] . Since Te shows a more positive redox potential than Zn, it is therefore expected to deposit first. As shown in Fig. 1 , a rise observed in the forward current from point P reaches its first peak at point Q, and then starts to reduce due to deposition of Zn at ~930 mV and initial co-deposition of ZnTe on the cathode according to the chemical reaction shown in Eqn. (2) .
The rise in deposition current density after ~930 mV shows rapid discharge of Zn and reaction between Zn and Te to form ZnTe. At low cathodic deposition potential, a Te-rich ZnTe layer is expected to be formed [25] . As the deposition potential increases, the amount of Zn in the ZnTe layer gradually increases thus allowing a near stoichiometric ZnTe layer to be deposited. Thus, a voltage range between ~1350 to ~1750 mV has been identified to grow near stoichiometric ZnTe layers according to the experimental results.
At very high cathodic potential (≥1750 mV), more Zn is deposited on the cathode thus leading to a Zn-rich ZnTe layer. The Zn-richness at high cathodic potential was observed by the change in colour of ZnTe thin film from red brick to dark colour and also by the deviation of the bandgap energy of ZnTe layer grown at V g ≥1750 mV from the bulk value of stoichiometric ZnTe material. Also at V g ≥1750 mV, more Zn which is metallic is deposited and this gradually leads to a reduction in the bandgap of ZnTe layer. In addition, electrolysis of water is also possible at these voltages. Liberation of atomic hydrogen on the cathode is an advantage in defect passivation in ZnTe film but formation of hydrogen bubbles can be a disadvantage in causing peeling of the deposited layer. Therefore, application of higher voltages should be avoided in order to grow ZnTe films avoiding metallic Zn and formation of H 2 bubbles on the cathode.
From the reverse cycle of the current-voltage (I-V) curve shown in Fig. 1 , the current flow transits from the positive to the negative at ~900 mV and peaks at point R. Point R indicates the dissolution of elemental Zn and removal of Zn from ZnTe layer formed on the cathode.
The dissolution of Te from the surface of the cathode occurs at the broad peak point S. It has thus been shown that voltammogram is helpful in determining the approximate deposition potential range to grow ZnTe thin films. It is therefore essential to carry out cyclic voltammetry study to determine the approximate deposition potential range to grow ZnTe 6 thin films before optimising the deposition voltage required to grow a near stoichiometric material.
Structural Analysis
X-ray diffraction studies
The structural properties of ED-ZnTe layers have been studied at different growth potential using XRD analytical technique. Samples of ZnTe layers were electrodeposited on glass/FTO substrates at different cathodic potential ranging from 1350 to 1750 mV; this was done in order to determine their crystal structure and phases and to identify the optimum growth potential to achieve highest crystalline and stoichiometric ZnTe layer. The XRD patterns revealed the formation of polycrystalline ZnTe thin films and the crystal structure was observed to be hexagonal. For the samples grown between deposition potential (V g ) of 1500-1700 mV, the crystal plane of preferred orientation was found to be along (002) hexagonal plane for the most prominent peak; this peak was observed at different position of angle 2θ as illustrated in Table 1 . Apart from the most prominent peak which occurred along the (002) plane, other peaks with lower intensities were also observed for both AD-and HT-ZnTe layers. For the AD-ZnTe layers, the peaks occurred along (100), (102), (110) and (112) planes; while for the HT-ZnTe layers, the peaks were observed at (100), (102) and (112) planes.
In order to identify the crystal structures of the electroplated thin films, the observed dspacing values of the most prominent peak of ED-ZnTe thin films grown at different cathodic potentials from 1500-1700 mV were compared with the reported values in JCPDS Reference data as illustrated in Table 1 . Table 1 shows that the observed data from the results of the XRD peak analysis correlates with the reported values from JCPDS with reference code: 00-019-1482 for ZnTe with hexagonal crystal phase.
As observed from this experimental result, the position of angle 2θ for the preferred orientation varies from one cathodic potential to the other. when the XRD peak intensity of (002) ZnTe was plotted as a function of cathodic potential. To further identify and compare all the peaks for AD-and HT-ZnTe layers grown at a V g of 1600 mV, the two spectra were plotted on the same scale for easy comparison; this is shown in Fig. 4 . The presence of low peak intensity along the (002) plane and the broad peak along (110) plane for AD-ZnTe layer grown at 1600 mV make the material to be less crystalline. It was observed that after annealing the thin film material in air, the material crystallinity was improved as a result of increase in peak intensity along the (002) plane and removal of the broad peak along (110) plane. The summary of XRD data for the ZnTe thin films grown at V g =1600 mV is shown in Table 2 . The crystallite size (D) obtained from the full width at half maximum (FWHM, β) was estimated using the Scherrer's formula in Eqn. 3.
Where λ = 1.542 Å is the wavelength of the X-rays and θ is the Bragg angle.
Raman spectroscopy
The structural quality of thin film materials can also be determined using a non-destructive Raman scattering technique. The laser power and wavelength used are 15 mW and 514 nm respectively. The laser power was reduced from 100% (30 mW) to 50% (15 mW) to avoid damage to the surface of the layer exposed to the beam. A 100x objective lens was used in the Raman microscope. The Raman instrument was calibrated by using the 520 cm -1 Raman shift of the reference silicon wafer.
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The Raman spectra of ZnTe thin film can exist in both longitudinal and transverse optical modes. According to Irwin et al. [28] , the first-order Raman spectrum consists of two peaks namely longitudinal optical (LO) mode and transverse optical (TO) mode. The higher frequency is described as the LO mode while the lower frequency is the degenerate TO mode. respectively. This shift can be due to reasons such as different thickness of the thin film used for the experimental purpose, composition of Zn to Te in the ZnTe layer [30, 31] , defects and stresses in ZnTe thin film. Two other peaks at ~120 cm -1 and ~142 cm -1 were also observed below the 1TO Raman phonon peak. These peaks arise as a result of elemental Te or presence of Te-rich phases in the material [29] . Similar peaks at low frequency ~122 cm -1 and ~141 cm -1 have also been seen in other II-VI binary compounds containing Te such as CdTe [32] . Precipitates of elemental Te is a common feature during growth of Te containing semiconductors; this is well documented by the research based on CdTe thin films [32, 33] . negative PEC signal was obtained thus indicating n-type ZnTe layers. The p-type ZnTe was achieved at low potential due to Te-richness in the ZnTe layers. The n-type electrical conductivity was achieved at higher cathodic potential due to Zn-richness. Fauzi et al. [25] reported only p-type ZnTe even at higher cathodic potentials. This can be due to presence of higher concentrations of Te in the electrolyte. The authors attribute this to the likely domination of a native defect related to Te-richness in ZnTe material thus making it to be ptype under all growth conditions. Mandel [9] and John et al. [8] attributed the difficulty in achieving n-type ZnTe thin films to self-compensation in the material. However, in this work, n-ZnTe layers have been successfully electrodeposited at higher cathodic potential thus eliminating the possibility of native defect domination and self-compensation in ZnTe layers.
Analysis of Electrical Properties
The possibility of growing n-ZnTe could also arise as a result of fine control of Te by using a dissolved TeO 2 solution in the ZnTe electrolytic bath. The n-and p-type ZnTe layers were further tested by fabricating a p-n homo-junction device structure with rectifying ability as explained in section 3.8.
DC conductivity measurements of ED-ZnTe layers
The DC conductivity measurements were carried out on ZnTe layers grown in the p-and nregions at V g of ~1600 and 1650 mV respectively. For the purpose of this study, the Ohmic contacts to p-and n-ZnTe layers have been achieved by using Au and Al metal contacts respectively. Au and Al contact areas of 0.0314 cm 2 and ~100 nm thicknesses were evaporated on electroplated p-and n-ZnTe layers of ~885 nm in a metal evaporator maintained at a high pressure of 10 -6 bar. Using I-V measurement technique, the resistances of p-and n-ZnTe layers were obtained from the device structures glass/FTO/p-ZnTe/Au and glass/FTO/n-ZnTe/Al respectively. The electrical resistivity    was calculated from the estimated resistances using L RA   with the known values of contact area (A) and the layer thickness of (L). Table 3 shows the summary of Ohmic properties of p-and n-ZnTe thin films heat-treated at 300 o C for 10 minutes in air. As revealed in Table 3 , the magnitude of the resistivity of pZnTe layers are higher than that of n-ZnTe layers. Researchers have shown that for two nand p-type semiconductors with the same concentration, p-types have a higher resistivity than n-type semiconductor [34] . The majority carriers in n-type semiconductor are the electrons while holes are the majority carriers in p-type semiconductors. Since electrons are known to have higher mobility than holes, it thus shows that electrons must possess lesser resistance to the flow of mobile charge carriers than holes thereby making the n-type ZnTe to have lower resistivity than p-type ZnTe. Likewise, mobility of charge carriers is a function of the resistivity of semiconductor material; the more resistive a semiconductor material is, the less mobile will be its charge carriers. Our measured resistivities fall in the range of values reported by Ishizaki et al. [35] , Farooq et al. [36] , Ghandhi et al. [37] and John et al. [8] .
Rectifying diodes fabricated from high resistive semiconductors such as binary compound semiconductors (for example, CdTe, ZnTe) and Ternary compound semiconductors (for example, CdZnTe, CdMnTe) have found useful applications as X-ray and γ-ray detectors [38] [39] [40] [41] .
Morphological Analysis
Scanning electron microscopy
Scanning electron microscopy (SEM) technique has been used to study the surface morphology of heat-treated ZnTe thin films grown at the stoichiometric potential of 1600 mV In Fig. 7a , the grain size of the HT-ZnTe layer ranges from ~91-309 nm while in Fig. 7b , the grain size ranges from ~127-509 nm. In Fig. 7c , the grain size ranges from ~73-291 nm. The largest grain size was observed in the ZnTe layer grown at 1600 mV (Fig. 7b) . This result also confirms the XRD 11 results where V g of 1600 mV show the highest peak intensity in both as-deposited and heattreated layers.
Atomic force microscopy
Atomic force microscopy (AFM) technique has been carried out using Nanoscope IIIa multimode atomic force microscope. The measurement was carried out to study the surface morphology, growth pattern and to also measure the grain sizes and surface roughness of ED- [25] , the varying sizes of the columnar shaped thin film material leaves unwanted gaps inbetween the columnar materials. The authors showed that these undesirable gaps cause shorting of devices thus leading to a poor performance when used in solar cell fabrication.
Compositional study of electroplated ZnTe layers
The percentage of Zn and Te atoms present in the as-deposited ZnTe thin films have been determined using EDX technique. Five samples grown at different cathodic potentials in the range 1500-1700 mV at 50 mV's interval were used for the analysis. Figs. 9a and b show the EDX spectra of AD-ZnTe layers grown at 1500 and 1700 mV respectively; while Fig. 10 summarises how the atomic percentage of Zn and Te elements present in the ZnTe thin film changes with deposition potential.
As illustrated in Fig. 9a , the atomic percentage of Zn:Te at V g =1500 mV was 38.1:61.9 showing that the AD-ZnTe layer is more rich in Te than in Zn. In Fig. 9b , the composition of Zn:Te atoms at V g =1700 mV was found to be 68.6:31.4 illustrating that the ZnTe thin film is more rich in Zn than in Te. The results obtained from the EDX analysis further confirmed our earlier statement in section 3.3.1 that p-type ZnTe was achieved at low cathodic potential due 12 to Te-richness while the n-type electrical conductivity was achieved at higher cathodic potential due to Zn-richness.
The PEC results (Fig. 6 ) of ZnTe layers grown below ~1620 mV show that p-type materials are grown due to Te-richness. Similarly from Fig. 6 , n-type ZnTe layers are grown at voltages above ~1620 mV due to Zn-richness. The EDX result thus shows the possibility of growing Zn-rich ZnTe thin films at higher cathodic potential and Te-rich ZnTe thin films at lower cathodic potential thus confirming the likelihood of having n-and p-type ZnTe layers at higher and lower cathodic potentials respectively. Figure 10 shows that as the growth voltage changes, the ratio of Zn:Te atoms in the ED-ZnTe layers likewise varies. As the growth voltage increases from 1500-1700 mV, the % of Te atoms decrease while the % of Zn atoms increase. This result shows that by changing the deposition potential, the stoichiometry and the material properties (such as electrical, morphological, structural and optical) do change. This very result can likewise be used in explaining the probable reason while a reduction was observed in the bandgap of ZnTe layers (Fig. 11 ) grown at higher cathodic potential. At higher cathodic growth voltage, more Zn is electrodeposited than Te thus leading to a gradual reduction in the bandgap of ZnTe layers due to the metallic nature of Zn.
Optical absorption measurements
The optical absorption measurements were carried out at room temperature in order to obtain the bandgap energy (E g ) of the ED-ZnTe thin films. The measurements were carried out on 
Thickness measurement of ZnTe layers
The experimental thicknesses of AD-ZnTe layers were obtained by using Microfocus Optical Thickness Profilometer measurement system while the theoretical thicknesses were estimated using Faraday's law of electrolysis. Thickness (T) of the layer is given by Eqn. (4) .
where M is the molecular weight of ZnTe thin film, t is the growth time, J is the average current density observed during deposition, F is Faraday's constant, ρ is the density of ZnTe and n is the total number of electrons required in the deposition of 1 mole of ZnTe (n=6 as given by Eqns. (1) and (2)).
The samples used for this measurement were grown at 1600 mV for different duration (0.5-4 hours). The experimentally measured values and theoretically estimated values are shown in Fig. 13 . As expected, the thickness of AD-ZnTe layers increase with increase in deposition time. As illustrated in Fig. 13 , an approximate linear variation of thickness with growth time was observed in both theoretical and experimental curves. The theoretically estimated thickness is generally higher than the experimentally measured thickness because not all the electronic charges used in the theoretical estimation are actually utilised in the deposition of ZnTe thin films. Some of these charges flow through the electrolyte to take part in the electrolysis of water thus making the experimentally measured thicknesses to be less than the theoretically estimated values.
Development of p-n homo-junction diodes from electroplated ZnTe layers
To further test the electronic device quality of electrodeposited n-and p-ZnTe layers, a simple p-n junction diode was fabricated using the device structure glass/FTO/n-ZnTe/pZnTe/Au. The fabricated device structure was analysed using I-V technique. An n-ZnTe of The measured parameters of the p-n homo-junction diode showed the non-ideal nature of the fabricated diode, however the result still showed that n-and p-type ZnTe layers have been successfully electroplated due to the rectifying nature exhibited by the diode as shown in Fig.   14a . For a diode which behaves in a nearly ideal way, the current transport takes place via the emission of electrons from the semiconductor over the top of the barrier into the metal [42] .
The high ideality factor obtained in this work showed that there are defects in the material.
As explained by Lee [43] , the value of ideality factor is equal to unity for an ideal diode but approaches 2.00 for materials with defects. As reported by Dharmadasa [44] , the presence of recombination and generation (R&G) centres at the depletion region and interface can also make the ideality factor to increase to 2.00. However, Echendu et al. [45] ZnTe layers grown at different cathodic potentials. showing n-and p-type electrical conduction. Te-richness at voltages less than 1620 mV shows p-type electrical conduction while Zn-richness at voltages greater than 1620 mV shows n-type electrical conduction. Tables   Table 1. XRD analysis of as-deposited and heat-treated ZnTe layers grown at different cathodic potentials. Note that the analysis illustrates the contrast between the experimentally observed parameters and reported JCPDS reference code values for the peak along the preferred plane of orientation. 
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